Abstract-The European Infrasound Bulletin highlights infrasound activity produced mostly by anthropogenic sources, recorded all over Europe and collected in the course of the ARISE and ARISE2 projects (Atmospheric dynamics Research InfraStructure in Europe). Data includes high-frequency ([ 0.7 Hz) infrasound detections at 24 European infrasound arrays from nine different national institutions complemented with infrasound stations of the International Monitoring System for the Comprehensive NuclearTest-Ban Treaty (CTBT). Data were acquired during 16 years of operation (from 2000 to 2015) and processed to identify and locate * 48,000 infrasound events within Europe. The source locations of these events were derived by combining at least two corresponding station detections per event. Comparisons with ground-truth sources, e.g., Scandinavian mining activity, are provided as well as comparisons with the CTBT Late Event Bulletin (LEB). Relocation is performed using ray-tracing methods to estimate celerity and back-azimuth corrections for source location based on meteorological wind and temperature values for each event derived from European Centre for Medium-range Weather Forecast (ECMWF) data. This study focuses on the analysis of repeating, man-made infrasound events (e.g., mining blasts and supersonic flights) and on the seasonal, weekly and diurnal variation of the infrasonic activity of sources in Europe. Drawing comparisons to previous studies shows that improvements in terms of detection, association and location are made within this study due to increasing the station density and thus the number of events and determined source regions. This improves the capability of the infrasound station network in Europe to more comprehensively estimate the activity of anthropogenic infrasound sources in Europe.
Introduction
Infrasound is low-frequency sound below the threshold of human hearing, i.e., below 20 Hz. Various sources either of natural or of anthropogenic origin generate sound with infrasonic frequency components Hedlin et al. 2012 ), mostly when explosive or eruptive processes are involved. Consequently, rocket launches, military and industrial blasts, volcanic activity and meteoroid entries are among the strongest sources of infrasound (Mc Laughlin et al. 2000; Stevens et al. 2002; Ceranna et al. 2009; Matoza et al. 2011; Marchetti et al. 2013; Le Pichon et al. 2013; Pilger et al. 2015) . Other, less intense infrasound signatures are generated by supersonic flights, microbaroms, severe weather, mining activity and wind turbines (Le Pichon et al. 2002; Garcés et al. 2004; Sindelarova et al. 2009; Gibbons et al. 2015a; Pilger and Ceranna 2017) . This study focuses on anthropogenic infrasound signatures and the main interest therefore is on high-frequency (HF) infrasound above 0.7 Hz. Sources with lower dominant frequencies, e.g., mountain waves, microbaroms, earthquakes, volcanoes and meteoroids are mostly suppressed by this choice.
Infrasound can be detected by very sensitive microphones and microbarometers, which are pressure sensors specialized to detect small differential pressure variations in the sub-pascal (microbar) range (Ponceau and Bosca 2010) . Typically, microbarometers are arranged together with wind noise reduction systems in an array configuration of at least three sensors Walker et al. 2010) . Using arrays allows for the estimation of backazimuth direction and trace velocity of coherent infrasound signals recorded at an infrasound array, together with frequency and amplitude parameters Garcés 2013) . The identification of infrasound signatures thus estimated to originate from the same source event at two or more stations, then allows for a basic localization of the source by intersecting the two (or more) back-azimuth direction estimates.
This study considers a total of 24 infrasound arrays in and around Europe to detect and to locate infrasound events mostly from anthropogenic sources. Infrasound recorded by stations from nine different national institutions and the International Monitoring System (IMS) of the Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO, http://ctbto.org/, last access March 2018) is used to generate a European Infrasound Bulletin (EIB) of HF-infrasound activity during 16 years (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) of operation. Infrasound recordings and data contributions by international partners were collected in the course of the Atmospheric dynamics Research InfraStructure in Europe project (ARISE, http://ariseproject.eu/, last access March 2018) funded by the EU FP7 (ARISE1 2012 (ARISE1 -2014 and Horizon 2020 (ARISE2 2015 programmes.
This study follows up the work initiated by Le Pichon et al. (2008) , wherein a total number of seven stations were considered and the duration of observations was from 2000 to 2006. For this study, the time duration is more than doubled and the number of stations is more than tripled, which results in an increase in the number of detected infrasound events by approximately a factor of ten. Furthermore, this study improves the following: (1) the source localization of the previous study by using ray-tracing methods, climatologies and analysis data from numerical weather prediction models for realistic atmospheric background conditions and infrasound propagation modeling is obtained (Garcés et al. 1998; Drob et al. 2003; Pilger et al. 2013) ; (2) the seasonal and diurnal variations of the sources and detected infrasonic activity are highlighted in greater detail; (3) the findings are compared with ground-truth information, e.g., from explosions identified using seismic data in various seismo-acoustic studies (Evers and Schweitzer 2011; Gibbons et al. 2015a; Ghica et al. 2016) .
Section 2 provides information on the contributing stations and the data analyzed in this study. Section 3 describes the methods for the detection, localization and estimation of infrasound source activity in Europe. Section 4 presents and discusses the results of this study in terms of source regions, comparison to ground-truth and time-dependent variations of the infrasound activity. Section 5 concludes this study and provides a short outlook.
Stations and Data
This study considers 24 stations within and around Europe which contribute to the European Infrasound Bulletin. Seven of these are permanent infrasound arrays of the CTBT IMS (I18DK, I26DE,  I31KZ, I37NO, I42PT, I43RU, I48TN) , 1 is a temporary installation (I66TN) and 16 further stations are permanent national infrasound arrays operated by partners of the ARISE community (see Fig. 1 ). All infrasound arrays consist of at least three array elements and thus allow trace velocity and back-azimuth estimations of incoming coherent infrasound signatures.
The stations that participate in the European Infrasound Bulletin study feature different array configurations and instrumentation (see Gibbons et al. 2015b for a representation of different IMS station configurations). Table 1 provides some basic information on the specification of each IMS and national partner's infrasound array used in this study.
The data that were collected to form the European Infrasound Bulletin are presented in Fig. 2 Data used within this study are available at different levels, either as raw differential pressure time series for each of the multiple elements of an infrasound array or as detection lists of coherent infrasound events processed using either the Progressive Multi-Channel Correlation (PMCC) method (Cansi 1995) or any similar correlation method applied to the array's data channels (called 'event list' in Table 1 ) or alternative frequency domain algorithms like the F detector using Fisher statistics (Evers and Haak 2001; Olson 2004) . Each of these datasets is brought together, processed with PMCC, if still containing raw data, pre-filtered, if necessary, and thus harmonized prior to applying the association procedure and relocation. Figure 3 highlights the application of procedures and methods used from raw data and station input to the processed European Infrasound Bulletin. The methods are further described in Sect. 3. 
Methods
Multi-channel infrasound raw pressure data is routinely processed for an infrasound station to identify and analyze low-amplitude coherent waves within non-coherent noise. The PMCC method, originally designed for seismic arrays, is based on a progressive study of the correlation functions. It is describing the methods applied to data from each station and to each bulletin event in the course of this study Vol. 175, (2018) The European Infrasound Bulletin 3623 used as a real-time detector for most of the stations within this study. The correlation functions are used to calculate the propagation time of a coherent wave between two array elements and thus to derive direction and velocity information from the resultant time shifts.
Data from the arrays are processed in a high-frequency band covering the 0.7-4 Hz range. Figure 4 presents the PMCC high-frequency detections for infrasound array I26DE, where the results are shown as a function of back-azimuth and time and color coded with frequency. The symbol size represents PMCC family size, which describes the extent of the The detection algorithms used for this study, e.g., PMCC, are very sensitive to coherent signals with even low signal to noise ratio. Therefore, the bulletins contain a very large number of detections, including those from many local sources and long-duration detections which are not of interest to this study. To exclude these signatures with respect to the aims of this study, a categorization procedure is applied in the final stage of the single-station processing to clean the detection bulletins (Le Pichon et al. 2008 ). This procedure is based on the search for detections with similar characteristics by taking into account azimuth, trace velocity, frequency and time duration parameters. Threshold values are adapted according to the sensitivity of each array to its environment. Detections with dominant frequencies greater than 1.5 Hz or horizontal trace velocities outside 0.30 to 0.45 km/s are likely to be related to local sources or are false detections with unrealistic values of trace velocity. Clusters of long-duration detections of more than 1800 s are likely to be related to recurrent sources of local signals. Detections derived using Fisher statistics with a Fisher ratio below 2 are also excluded. After applying these procedures, about 50 to 95% of the detections are filtered out from the bulletins (also see Le Pichon et al. 2008) .
The identification and location of events is performed by combining two or more single-station detections with their respective back-azimuth information and onset times that correspond after taking into account the source-to-receiver distances and therefore the travel times. For this estimation, a point source and a uniform atmosphere with a fixed celerity value of 300 m/s is assumed, which is a good first approximation to stratospheric arrival celerities. However, it does not reflect actual or realistic atmospheric conditions for all cases. Therefore, a relocation using event-dependent celerity values and a back-azimuth correction is applied later on.
The location of events takes into account all possible associations between the detecting stations, initiated by comparing their cross bearings and iteratively improving the result by using a nonlinear least squares inversion scheme (Coleman and Li 1996) . The same method as described in Le Pichon et al. (2008) is applied to identify the best combination of station detections in case of multiple potential solutions, resulting in the most realistic travel time combination for all detecting stations.
After the bulletins of all individual stations' event detections are combined to produce the common and comprehensive event list (multi-station bulletin, Fig. 3 ), a relocation procedure is applied to each event of that list. This relocation is based on ray tracing between each of the list's event locations and the stations that detect and define the corresponding event.
One-dimensional ray tracing using the Tau-P method (Garcés et al. 1998 ) is performed to identify stratospheric propagation paths between source and receivers. Realistic background conditions at the stations are taken into account either relying on MSISE/HWM temperature and wind climatologies (Picone et al. 2002; Drob 2008) or ECMWF analysis data (http://www.ecmwf.int/, last access March 2018). From the ray tracing, a propagation path-dependent celerity can be derived which reflects realistic as well as time-and season-dependent speed of sound and thus celerity conditions instead of the standard value of 300 m/s used for the pre-location. Furthermore, a back-azimuth correction value has been derived from the ray tracing, which quantifies how many degrees the propagation angle deviates from a straight source-to-receiver line due to the cross-wind effects accumulated along the propagation Vol. 175, (2018) The European Infrasound Bulletin 3625
path (e.g., Smets et al. 2016) . If the relocation is unable to predict a realistic source-to-receiver ray path and corresponding travel time, the un-relocated event coordinates and travel time values are used (based on a 300 m/s celerity). For the actual study and the ECMWF-based relocation this is the case for \ 3% of the detections. The benefit of using climatologies as background conditions is that it allows the construction of celerity and back-azimuth correction tables for each station and each direction of propagation independent of actual events. This is quantified in Figs. 5 to 7 by a retina plot for all 360°directions and for different horizontal trace velocities. Figures 5a, b, 6a , b and 7a, b show examples of celerity and back-azimuth variations for the station I26DE, based on MSISE/ HWM values during summer and during winter conditions, and provide the expected values for the average propagation behavior which is propagation to the west in summer and to the east in winter (Drob et al. 2003) . The benefit of using ECMWF analysis data instead of climatologies is more realistic atmospheric background conditions for deriving celerity and back-azimuth corrections for each event. Figures allows deviations from the average atmospheric conditions such as inversion layers or sudden stratospheric warming events (Assink et al. 2014a; Le Pichon et al. 2015) to be taken into account (Fig. 7c,  d ).
While for the presented typical summer and winter profiles in Figs. 5 and 6 the difference between MSISE/HWM and ECMWF modeling is not very high, it is enormous during a sudden stratospheric warming event happening just 1 week later as shown in Fig. 7 . The celerity pattern nearly completely reverses from eastward to westward ducting conditions and the back-azimuth variations change their intensity and flip in the north-south direction.
The approach of using ECMWF instead of climatologies in the event relocation nevertheless depends on the timely availability of ECMWF profiles for each event's time and location and requires much higher computational costs for the relocation.
After the propagation calculations are performed, the corresponding event location is revised according to the relocation with at least two stations taking into account the modified signal travel times and backazimuths. An iterative approach with a nonlinear least-square inversion scheme is again applied. In the case of multiple solutions, the one with the most appropriate celerity values for stratospheric propagation (between 270 and 330 m/s, see Brown et al. 2002; Negraru et al. 2010 ) is used. 
Source Regions and Comparison to Ground Truth
To generate the European bulletin of infrasound events, cross bearings of two or more of the 24 infrasound arrays are combined and the relocation method using ECMWF profiles is applied for each event as described in Sect. 3.
The benefit of relocation is shown in Fig. 8 , where the detections of a local subset of three ground-truth infrasound-generating sources (location derived from aerial photography) is compared before and after relocation. The sources are the PGE GIEK-KWB (PGE Górnictwo i Energetyka Konwencjonalna Oddział Kopalnia Węgla Brunatnego) coal mine near Bogatynia, Poland, the Skalimex-Grantin granite quarry near Sobótka, Poland and the Lhota Rapotina quarry near Boskovice, Czech Republic.
Before relocation, only two of these three sources are discriminated, as shown in Fig. 8a . After relocation, as seen in Fig. 8b , the third source is also detected, which shows that the method to a certain degree focuses distributed source detections and thereby increases the detection density above a certain threshold (here: 5 detections per 0.1°9 0.1°a rea). Furthermore, the location accuracy is also slightly increased by applying relocation with realistic atmospheric parameters instead of fixed values. The center of the (colored) detection area for the other two sources moves nearer to the (white star) ground-truth locations after applying relocation. Although the improvements are small for the given example and chosen region, they nevertheless highlight that the relocation method leads to improvements in the distance between a source (here a source with ground-truth information) and the center of a cluster of event detections. There is still uncertainty in the location of infrasound events, which will be further discussed in this study. The result of the complete processing of 24 European stations over a duration of 16 years and the whole area between 30°N and 72°N as well as 20°W and 40°E is a dataset with * 48,000 events of highfrequency infrasound sources within Europe that are detected by two or more arrays (see Fig. 9 ).
Event clusters in this map are mainly related to anthropogenic origins. These include the industrial activity due to various mining and quarry blasts in Northern Europe, the Concorde flights near London and Paris up to 2003 and other (military) supersonic flights mainly above the North Sea. The event density is highest in Northern Europe since most data are from stations situated in the northern part of the map.
Reduced lower event number thresholds (in the color bar) or adequate filtering as described in Sects. 4.2 and 4.3 also highlights sources in Central and Southern Europe, e.g., the Etna volcano, NATO airbases and other anthropogenic activity there.
The multitude of sources in Northern Europe recorded by a large number of stations is compared with ground-truth surface or near-surface events. Gibbons et al. (2015a) presented a compilation of seismo-acoustic sources in the Fennoscandian region identified from infrasound and seismic recordings. These include a number of quarries and mines as well as military activity in terms of regular ammunition explosions. Figure 10 compares the events derived from the EIB in this region with the areas and ground-truth site locations of the described sources. A clear coincidence between the EIB findings and ground truth can be identified verifying the infrasound signal detection and source relocation method applied here. Sources like industrial activity in the Aitik, Laiva, Kemi, Kevitsa, Kostomuksha, Kovdor, Khibiny and Kirkenes mines and quarries correspond very well to infrasound event clusters identified in Fig. 9 , while military explosions are also associated fairly well. A large and extended region of infrasound events is shown as a cluster near Lake Ladoga. The high number of events distributed over a large region might result from an area with many different, widely distributed quarries and mines as well as military activity associated with this cluster. A further reason is a higher uncertainty in the location of these events due to (1) two or more stations pointing in nearly the same direction (also see Sect. 4.3 and Nippress and Green 2017) and (2) a lack of back-azimuth resolution at the small aperture IRF infrasound arrays. The KIR, JAM, LYC, UPP and SOD arrays (see Table 1 ) have an aperture of 75 m and three elements each, forming a rectangular triangle. The small edge length and thus element-to-element distance make it difficult to precisely estimate the direction of origin for incoming coherent signals when correlating the (only) three elements' time series of these arrays.
When comparing the EIB events of Figs. 9 and 10 with the analyst-reviewed Late Event Bulletin (LEB) of the CTBT International Data Center (IDC), as presented in Fig. 11 , good agreement is observed but also numerous differences are identified. Source regions in the North Sea region, in Croatia and in Fennoscandia, are represented accordingly, but additional regions in Eastern Europe and the Mediterranean area are different from those of the EIB.
The major differences in the two event bulletins are explained as follows: Figure 9 Source regions of high-frequency infrasound derived from the combination of detections from at least two of the 24 infrasound arrays (white triangles). Color-coded event density is described in the same way as in Fig. 8 , but for a minimum of 15 events per 0.1°9 0.1°area
1. The LEB events in this study are derived between January 2010 and November 2017 using and depending on the stations of the global IMS available at the event time, while the current EIB study covers the duration of January 2000 to December 2015 with some stations contributing up to 16 years of data and others only contributing a few months of data. While the EIB consists of 48,000 events, the LEB for this region consists of 4000 events, which is a factor of 12 less in event numbers during about half the time duration. 2. The EIB contains a larger north-south difference in station and data coverage, as already described, and thus strongly highlights event detections in Northern Europe. The LEB on the other hand provides more event detections in Southern Europe and event clusters in Eastern Europe, supported by IMS station detections beyond the shown map borders. This includes detections in the Lake Ladoga region (largest source region in Figs. 9 and 10), but also further clusters south of this region that are not in the EIB due to its sparse data and station coverage at the southern and eastern border of the region observed. 3. Both LEB and EIB require a minimum of two stations to define an event, but the LEB is a completely analyst-reviewed bulletin, while the EIB events result from automatic processing and no analyst review is performed. This reflects a higher uncertainty of the EIB localization compared with the LEB localization. Using a threestation filter for the EIB (similar to the 3-station requirement of the IDC's Reviewed Event Bulletin REB) reduces the number of events and makes the source regions smaller and location more precise, but some source regions are no longer observed, suppressing the number of observed Southern European events even more due to sparse station coverage and data availability. 4. The LEB also includes seismic detections, while the EIB is restricted to pure infrasound detections. One of the requirements for this study is that the LEB events used for comparison and shown in Fig. 11 include at least one infrasound array detection per event. 2676 of the LEB events are infrasound-defined events with two or more infrasound stations, 745 LEB events are seismic defined events with two or more infrasound phases involved and the rest are seismic defined events with one additional infrasound phase.
The general comparison between EIB and LEB confirms the large number of infrasound detections in the North Sea area that can be associated with supersonic flights. It furthermore strengthens the consistency of detections of smaller clusters of infrasound activity (e.g., in Croatia, Poland, Finland, Russia and Sicily). It highlights especially in the Fennoscandian region that with a larger number of nearby stations, the identification and localization of a larger number of sources are rendered possible. Identifying and isolating sources and source regions of known previous activity are also relevant for treaty verification purposes, since improved knowledge about the regular infrasound activity in a certain area supports the investigation and identification of irregular activity, such as, e.g., military explosions outside the previously known source regions. Figure 11 Map of events from the Late Event Bulletin (LEB) of the IDC between 01 January 2010 and 01 November 2017 using the same latitude and longitude frame as shown in Fig. 9 . Events are located using at least two stations of the complete available IMS, although only four IMS infrasound stations (red triangles) are in the shown area. The shown events are formed using at least one infrasound detection per event, but they may also contain seismic detections c Figure 12 Seasonal, weekly and diurnal variation of source regions of highfrequency infrasound: a summertime (June to August), b wintertime (December to February), c weekday (Monday to Friday), d weekend (Saturday and Sunday), e daytime (dawn to dusk), f nighttime (dusk to dawn) 3632 C. Pilger et al. Pure Appl. Geophys. Vol. 175, (2018) The European Infrasound Bulletin 3633
Seasonal, Weekly and Diurnal Variation
The variation of the observed infrasound sources due to season, weekday and daytime helps to identify parameters that have an effect on the detection capability of the infrasound stations and to characterize the anthropogenic origin of the sources. Figure 12 provides analyses of these variations shown by event number density maps as presented in Figs. 9 and 10 . The scale of the color bars is adjusted to highlight lower threshold sources and variations between summer and winter, weekday and weekend, daytime and nighttime.
The semi-annual change of the stratospheric wind direction explains the clear seasonal variation in the detection of infrasound signals as shown in Fig. 12a , b. During summer, the prevailing direction for the stratospheric wind is westward and therefore infrasound arrays predominantly detect sources from the east (e.g., mining blasts and industrial activity in Northern and Eastern Europe, see Sect. 4.1). Furthermore, sporadic summertime activity of Etna volcano is recorded at the Tunisian stations west of the source (see Tailpied et al. 2013; Assink et al. 2014b ). The cluster of locations from the Mt. Etna infrasound activity is elongated into a line from I48TN, in the same manner as in Fig. 11 . This is due to cross winds for the south-to-north propagation path toward a second detecting and locating station, e.g., I26DE, leading to larger event-to-event uncertainties and thus differences in the back-azimuth resolution. During winter, the stratospheric wind reverses and dominantly blows eastward, so that infrasound arrays mainly detect sources from the west, e.g., sonic booms from supersonic flights taking place west of the European coasts. This dominant pattern is only interrupted due to sudden stratospheric warmings corresponding to temporary stratospheric wind reversals (see Assink et al. 2014a; Smets and Evers 2014) . Comparing the seasonal distribution of infrasound activity with the study by Le Pichon et al. (2008) , similar behavior can be observed for summertime event detections, while some differences show up during wintertime. These differences are mostly due to the fact that with IPLOR, I31KZ and I43RU stations are available in this study south to southeast of the seven stations of Le Pichon et al. (2008) , which are also able to detect and locate wintertime events (e.g., in the Lake Ladoga region) farther to the east than in the previous study.
A weekly variation in the infrasound activity changing from strong activity during the week to almost no infrasound sources during the weekend as shown in Fig. 12c, d is a clear indication of a dominant anthropogenic origin (industrial activity and mining blasts only taking place on working days). Furthermore, most of the military activity and supersonic flights over the North Sea and Atlantic Ocean also take place during weekdays (as also found by Walker et al. (2011) for the Western USA), with the recognizable exception of infrasound signatures on the Concorde flight paths to London and Paris (Liszka and Waldemark 1995; Le Pichon et al. 2002) The diurnal variation of infrasound source activity is another indicator of the anthropogenic origin of most of the events and it can furthermore be used to characterize nocturnal infrasound sources. While most of the sources are recorded during daytime (the hours between dawn and dusk at the source location, derived in this study from a sun cycle routine within the bulletin processing and filtering), reflecting the majority of industrial working hours, there are also a number of events recorded during nighttime as shown in Fig. 12e , f. These events are mostly located over the North Sea and Norwegian Sea and are most likely due to offshore supersonic flights that also take place during the night. Furthermore, it has to be considered that independent of the human working hours, there is nighttime at higher latitudes for nearly 24 h in winter, e.g., for the highest latitude cluster of events over north-western Norway and the Norwegian Sea in Fig. 12b , f (the definition of nighttime is treated differently compared to Le Pichon et al. 2008 ). 
Station Configurations and Filtering
Considering different station subsets and the application of distinct detection filters helps to highlight infrasound activity in certain regions and identify specific sources. It furthermore allows an increase in the accuracy of event localization with a reduced number of erroneous locations and less widely distributed event regions, when, e.g., restricting event localization to certain station combinations or excluding findings from other combinations.
The network geometry and station distribution related to a source region of interest has a strong impact on the localization accuracy. Source regions like the Lake Ladoga and North Sea areas show infrasound activity over a large spatial extent, although they might be due to specific sources of much smaller extent. An infrasound event outside of a network of stations, such that it is observed from almost the same back-azimuth by all stations, will be located with more uncertainty than an event within the network of stations observed from many different directions. The former is oftentimes the case within this study for Russian sources located by using Fennoscandian stations (Swedish stations only in the early years of the bulletin). The latter is more often the case using the globally distributed stations of the IMS network during later years (see Sect. 4.1), although both cases of events within and outside the network occur for the IMS. Furthermore the seasonal nature of the detections (see Sect. 4.2) may complicate the precise localization and also the type of events, since a larger spatial extent of detections may be due to moving sources as well.
A selection of a subset of stations that are required to define the location of infrasound activity in a certain region of interest helps to avoid imprecise localization contributions from very remote stations and focuses on the accuracy of estimating source coordinates instead of increasing detection numbers. Figure 13a , for example, shows the more constrained location of North Sea infrasound activity most likely associated with military supersonic aircrafts (Nippress and Green 2017) by considering only detections that include at least two of the nearby stations FLERS (France), DBN (Netherlands) and IGADE (Germany). Compared with the elongated North Sea source regions as shown in Fig. 9 , the source region becomes more constrained. The former, stretched source region is mostly due to combining I26DE detections with either IGADE or DBN detections, resulting in cross bearings by two stations that are nearly on the same line toward the source region, thereby increasing the location uncertainty. The latter, more precise source location identifies a source region for infrasound signatures outside the offshore Dutch frontier nearby the largest Dutch air force training area ''De Vliehors''. Nevertheless, it is possible that due to the above-mentioned choice of the station subset, a number of true source detections, e.g., by the British Royal Air Force and more toward the coast of Great Britain, become disregarded in Fig. 13a . This can also be concluded when comparing Figs. 9 and 13a with the IDC LEB events in Fig. 11 , where the cluster of North Sea sources of infrasound is also more wide stretched. It might be the case that using FLERS to the southwest of the events and another station to the southeast requires propagation along and against the prevailing stratospheric wind and restricts the detections too much.
The application of a time filter is presented in Fig. 13b , only highlighting source activity between 2012 and 2014 (the ARISE project duration) in the Mediterranean region. In contrast to Fig. 9 , which focuses on the large number of detections in Northern Europe over many years, this figure allows to point out regions of infrasound activity in Southern France, Croatia, Tunisia and near the Italian volcano Mt. Etna. They are recorded by infrasound arrays in this region, which were only installed or in operation within the given ARISE project duration (and by surrounding stations in Southern Germany, Czech Republic, Romania and Israel). Sources of military or industrial activity are well identified and located by this method; furthermore, the detection by at least two stations of the high-frequency infrasound activity of Etna volcano during phases of eruptive activity is recognizable for periods in summer 2012 and during a sudden stratospheric warming event in January 2013 (Tailpied et al. 2017) . Vol. 175, (2018) The European Infrasound Bulletin 3635
Conclusions and Outlook
The analysis of infrasound recordings of up to 16 years of data taken by 24 different stations allowed the detection and localization of about 48,000 European infrasound events within this study. The use of a dense network of infrasound stations in Europe compared to the far more sparse distribution of IMS stations in this area provided important insights into detection and location capability and corresponding event identification. Furthermore, a detailed comparison with a previous investigation using only seven infrasound arrays in Europe was drawn in this study. The increased number of stations allowed the detection of a larger number of events and identification of a larger number of sources compared with the use of the IMS stations alone, e.g., seen in the Fennoscandian region. The accuracy of the event location estimates depends on the locations of the stations detecting the events and the accuracy of the directional estimates made.
For events detected by stations with a large number of elements located at a range of different angles to the source, event origins are more precise and the source regions are more sharply defined. However, for stations with higher uncertainties, e.g., due to the availability of only three elements in a small aperture and/or detecting events in nearly parallel directions, event locations are more approximate or even erroneous and source regions less well defined. Comparisons within this study to groundtruth information and LEB data illustrated both cases, depending on the given source region, available station recordings and event-dependent propagation conditions.
Investigation of the seasonal variation of source detections shows which source regions in Europe are identified in station recordings during which season, and when the sensitivity of stations is higher or lower due to the prevailing direction of stratospheric winds. These findings were strongly supported by using ECMWF profiles for the realistic and event-dependent quantification of atmospheric conditions; a relocation with propagation modeling based on ECMWF profiles improved the detection and location of source regions. Furthermore, the quantification of diurnal and weekly variations in the detected events allowed the identification of repeating man-made infrasound (by industrial, military and aviation activities) in several source regions.
Through estimating the performance of the previous and current network of infrasound stations in Europe, as in the course of the ARISE infrastructure project, and as shown in this study, it is clear that a higher number of infrasound stations of good quality within Europe increases the potential to reliably identify and precisely locate infrasound events. The detection and location capability of infrasonic events can be improved by a denser and more uniformly distributed network of stations in the context of studies for atmospheric dynamics as well as in the context of CTBT verification. It can also be improved by an optimization of station geometry, especially by adding elements to three-instrument arrays and enlarging their aperture. More data from such infrasound arrays would clearly improve the capability of quantifying variations in infrasonic source activity and estimate the origin of more infrasound events.
